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The mechanisms involved in the formation and the differentiation of the liver remain unclear despite extensive studies.
To investigate these events in mouse hepatic development, we have taken advantage of the N-myc mutant mouse line
which exhibits abnormal liver development. N-myc mutant embryos die between 11.5 and 12.5 days postcoitum most
probably from heart failure. In the present study, we report that at 11.5 days of gestation, extensive apoptosis restricted
to the hepatocytes occurred in N-myc mutant liver when compared to wild-type samples. Moreover, the number of
hematopoietic cells is reduced in the mutant liver. During early liver organogenesis, the N-myc gene is expressed in
tissues involved in the induction and the differentiation of the hepatocytes. At 11.5 days postcoitum, both c-myc and N-
myc genes are expressed in the liver. While c-myc is expressed at a high level in the organ per se, N-myc expression is
mostly con®ned to the peripheral layer of the liver which will generate the Glisson's capsule. Taken together, the
expression pattern of N-myc in the liver and the speci®c apoptosis of hepatocytes observed in N-myc mutants indicate
that N-myc is required for hepatocyte survival and suggest that it is involved in the genetic cascade leading to normal
liver development. q 1998 Academic Press
INTRODUCTION lating potential (Cumano et al., 1996; Medvinsky et al.,
1996; Robb, 1997).
Epithelial±mesenchymal interactions and hepatocyte dif-Morphogenesis of the liver involves multiple interactions
ferentiation are likely to involve signaling molecules andbetween the epithelium and the surrounding mesenchyme,
transmembrane receptors. Despite the knowledge of theand transplantation experiments have revealed that these
two inductive interactions coming from the cardiac meso-cell interactions are critical for the hepatic speci®cation
derm and the mesenchyme of the septum transversum, our(LeDouarin, 1968; Houssaint, 1980). In the mouse, between
understanding of the fundamental mechanisms of liver or-8.5 and 9.5 days postcoitum (dpc), in response to an induc-
ganogenesis remains limited. The nature of the inductivetive signal coming from the cardiac mesoderm, a region of
signals is unknown as well as the genetic cascades involvedthe foregut epithelium thickens to form the liver diverticu-
in the production and the integration of the signals. To looklum, which then grows into the loose mesenchyme of the
into the cascade involved in hepatic differentiation, we haveseptum transversum. Following this ®rst induction, the en-
taken advantage of the N-myc mutant mouse line that wedodermal cells interact with the mesenchyme of the septum
have previously generated. N-myc mutant embryos die be-transversum to differentiate into hepatocytes. By 10.5 dpc,
tween 11.5 and 12.5 dpc (Charron et al., 1992; Stanton etthe liver bud is recognizable microscopically (Theiler,
al., 1992; Sawai et al., 1993). Consequences of the lack of1989), while by day 12.5 the liver is a relatively large differ-
N-myc function include the reduced size and cellularity ofentiated organ. At this stage, the liver is composed of vari-
N-myc mutant embryos. Histological studies revealed thatous cell types, of which up to 60% are hematopoietic cells.
all structures and organs are present in N-myc mutant em-These cells have migrated into the embryonic liver around
bryos. However, the heart is strongly affected by the muta-day 10.5 from the paraaortic splanchnopleura/aorta, genital
tion: its relative size is reduced and the myocardium isridge, and mesonephros (AGM) region to generate the plu-
abnormally thin. This probably leads to an incapacity toripotent hematopoietic stem cells with long-term repopu-
maintain adequate perfusion through the whole body and
results in the death of mice homozygous for the N-myc
mutation (Charron et al., 1992; Moens et al., 1993). In addi-1 To whom correspondence should be addressed. Fax: (418) 691-
5439. E-mail: Jean.Charron@crhdq.ulaval.ca. tion, the growth of the cranial and spinal ganglia, the meso-
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550-bp fragment from the wild-type allele, and primers neo 5* andnephros, the lungs, the limb buds, the central nervous sys-
N-myc 3* generated a 845-bp fragment from the mutated allele.tem, and the liver appears to be retarded relative to that of
control littermates. At 11.5 dpc, the liver of the N-myc
mutant embryos consists of only one spherical lobe, con-
versely to the liver in wild-type individuals, which is di- Histological Analysis
vided in four elongated lobes (Sawai et al., 1993). Among
Specimens were ®xed in 4% paraformaldehyde at 47C for 16 h,all the tissues affected by the mutation, only the liver has
before being processed and embedded in paraf®n. Serial sections 4not been reported to express appreciable levels of N-myc
to 6 mm thick were deparaf®nized, rehydrated, and stained withtranscripts (Stanton et al., 1992; Kato et al., 1995). However,
hematoxylin and eosin according to standard histological proce-at 9.5 dpc, N-myc is highly expressed in the mesenchyme
dures.
of the septum transversum and in the myocardium of the
heart, two tissues which are known to be essential for liver
induction and hepatocyte differentiation (LeDouarin, 1968;
Apoptosis Detection and Double-LabelingHoussaint, 1980; Kato et al., 1995).
TechniqueTo investigate the function of N-myc during liver devel-
opment and hepatocyte differentiation, a detailed histopath-
Terminal transferase (TdT) labeling was performed essentially asological analysis of the N-myc mutant liver was performed.
described in Gavrieli et al. (1992) with the following modi®cations.
The reduced size and cellularity observed in the N-myc Paraf®n sections of 4 mm were deparaf®nized and rehydrated ac-
mutant liver could be due to a reduction in proliferation or cording to standard procedures. They were then submitted to a
alternatively to an increased cell death. In the present study, mild proteinase K digestion (20 mg/ml) for 6.5 min at room tempera-
we showed a substantial increase in the number of apoptotic ture and washed twice in water. Endogenous peroxidases were inac-
cells in the liver of mutant embryos, while no other tissue tivated by a 20-min incubation in 0.6% H2O2. The slides were
rinsed in water and the terminal transferase reaction was performedexhibited such important apoptosis. We further showed that
in BRL terminal transferase buffer (100 mM potassium cacodylate,apoptosis was restricted to the hepatocytes. In addition, a
pH 7.2, 2 mM CoCl2, 0.2 mM DTT) containing the TdT enzymemarked reduction in the number of hematopoeitic cells was
from BRL at 0.3 unit/ml and biotinylated dUTP from Boehringer-observed in the liver. While N-myc has been shown to be
Mannheim at 5 pmol/ml. The sections were carefully covered withexpressed in mesenchymal structures involved in liver spec-
para®lm and incubated for 1 h at 377C in a humidi®ed chamber. The
i®cation, a barely detectable N-myc expression is observed reaction was stopped by incubation in 21 SSC (300 mM sodium
in embryonic liver suggesting that a likely function for the chloride, 30 mM sodium citrate) for 15 min at room temperature.
N-myc gene during liver ontogenesis necessitates epithe- At this step, the slides were processed either for the double labeling
lial±mesenchymal interactions. or incubated with the avidin±peroxidase (POD) complex (Vectas-
tain) to reveal the TdT positive cells (see below).
In the double-labeling experiment, after the incubation in 21
SSC, the slides were washed in successive baths of water, PBS:0.2%
Tween 20, and PBS for 5 min each. They were then incubated inMATERIALS AND METHODS
PBS:10% normal sheep serum for 30 min at room temperature.
Then, the TROMA-1 antibody was applied and the slides were
Generation of Embryos and Genotyping incubated overnight at 47C. The next day, the slides were rinsed
in PBS and incubated with either a biotinylated or a Texas red-
The establishment of the N-myc mutant mouse line has been conjugated secondary antibody for 1 h at room temperature. The
reported previously (Charron et al., 1992). N-myc mutant mice biotinylated antibody was revealed according to the following pro-
were initially generated in a hybrid MF1-129/SvEv±C57Bl/6 ge- cedure. After the TdT reaction or the incubation with the biotinyl-
netic background. To assess the effect of the mutation in an inbred ated secondary antibody, the slides were rinsed in PBS and incu-
genetic background, the mutation was introduced into the 129/ bated with avidin±POD complex (Vectastain) for 30 min at room
SvEv inbred strain and no difference in the phenotype was observed temperature. They were washed in PBS and stained with diamino-
(Sawai et al., 1993; J. Charron, unpublished results). Heterozygous benzidine at 0.05% in PBS for 5 min at room temperature. Sections
N-myc mice, from either the 129/SvEv inbred genetic background were counterstained with methyl green.
or the hybrid background, were intercrossed, and the morning of
the detection of the vaginal plug was considered as day 0.5, upon
which gestational age was assigned. Staged embryos were dissected
out from their yolk sac, which was used for genotyping. The yolk RNA in Situ Hybridization
sacs were digested with proteinase K and genotyped by PCR analy-
sis performed in 50-ml reactions ampli®ed for 30 cycles at 527C for The in situ hybridization protocol was based on the one described
in Jaffe et al. (1993). The following murine fragments were used asthe annealing. The sequences of the N-myc-speci®c PCR primers
were 5*-CCCCTTTGGCTCATTCTCTC-3* for the N-myc 5* templates for synthesizing [35S]UTP-labeled riboprobes: a 697-bp
PstI cDNA fragment containing the 5* untranslated region of theprimer, 5*-GGCCGTGCTGTAGTTTTTCG-3* for the N-myc 3*
primer, which are both located in the second exon of the N-myc mouse c-myc gene; a 972-bp DraI±EcoRI cDNA fragment corre-
sponding to the 3*-untranslated region of the mouse N-myc gene,gene, and 5*-TTGGGTGGAGAGGCTATTCG-3* for the neo 5*
primer located in the 5* end of the neomycin sequences inserted and a 742-bp DraI±EcoRI cDNA fragment corresponding to the 3*
untranslated sequences of the mouse c-myb gene. The N-myc probein the mutated allele (Charron et al., 1990). PCR products were
analyzed using agarose gels. Primers N-myc 5* and 3* ampli®ed a detects both the endogenous and the mutant N-myc transcripts.
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FIG. 1. Gross appearance of wild-type and N-myc mutant embryos at 9.5 and 10.5 dpc. Two N-myc mutant embryos (right) with the
early sized reduction were compared to their wild-type littermates (left) at (A) 9.5 dpc and (B) 10.5 dpc. Note the underdevelopment of
one of the N-myc mutant embryos at 10.5 dpc (B).
mice in the 129/SvEv inbred genetic background. To detectRESULTS
apoptotic cells, longitudinal sections of ®xed embryos were
labeled using the TUNEL assay, which recognizes pyknoticHomozygous N-myc Mutant Mouse Embryos
cells with fragmented DNA (Gavrieli et al., 1992). We quan-Exhibited Apoptosis in the Liver
titated this effect by counting the number of apoptotic cells
We have previously reported that N-myc mutant embryos per unit area in matched sections of liver from wild-type
showed reduced size and cellularity (Charron et al., 1992), and N-myc mutant sibling embryos. At 11.5 dpc, we ana-
as illustrated in Fig. 1 for whole embryos isolated from lit- lyzed seven N-myc mutant embryos and six wild-type em-
ters at 9.5 and 10.5 dpc. The size reduction can be explained bryos. Similar numbers of apoptotic cells were detected in
by a reduction in cellular proliferation, an increase in cell tissues normally expressing N-myc such as the olfactory
death, or a combination of both. To determine if the dimi- pit, the neuroectoderm, and the digestive tract in wild-type
nution in the cell number was caused by a higher rate of and mutant embryos (data not shown). In contrast, a 50-
apoptosis, we undertook a systematic analysis of the N-myc fold increase in the number of apoptotic cells was observed
mutant embryos. We recovered embryos at various stages in the liver of all mutant embryos examined when com-
pared to wild-type controls (Table 1 and Fig. 2). The apop-of gestation from matings between heterozygous N-myc
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TABLE 1
Quantitation of Apoptosis in 11.5-Day-Old N-myc Mutant Embryos
Apoptotic cell numbers per ®elda
Number of
Genotype Embryo Average number Standard deviation ®elds analyzed
N-myc/// 1 0.4 0.7 8
2 2.7 2.7 9
3 0.7 1.1 10
4 0.8 1.3 5
5 0 0 3
6 0 na 1
Pooled 1.1 1.8 36
N-myc0/0 1 63.6 22.3 10
2 44.0 12.1 6
3 49.0 34.5 6
4 24.4 20.5 8
5 38.9 11.1 7
6 19.5 9.2 2
7 188.0 na 1
Pooled 47.2 33.9 40
a Number of apoptotic cells per 401 microscopic ®eld of wild-type or mutant livers.
totic cells appeared as single isolated cells with the chroma- were dissected out from the pregnant mother and kept
within the uterus. They were then incubated in PBS attin compacted into a uniformly dense mass, a hallmark of
apoptosis. 377C for various times, and under these conditions apo-
ptotic cells were observed in some tissues such as the um-To determine when this substantial increase of apoptosis
®rst occurs, we repeated the analysis on 10.5-day-old N- bilical cord (Figs. 4B and 4D). However, no increase in the
myc mutant and wild-type embryos. At this stage, no differ- number of apoptotic cells was observed in liver cells of
ence in the number of apoptotic cells within the liver was embryos maintained from 6 to 24 h outside the mother
observed when comparing two wild-type and two N-myc (Figs. 4A and 4C; data not shown). Therefore, apoptosis
mutant embryos (data not shown). The analysis of six addi- observed in the N-myc mutant liver was not simply due
tional 10.5 dpc mutant embryos stained with hematoxylin± to poor blood circulation.
eosin (H/E), which has an increased af®nity for pyknotic To further con®rm that the moribund condition of the N-
nuclei (Fig. 3H; Lee et al., 1992), con®rmed that at this stage myc mutant embryos was not responsible for the enhanced
no increase in the number of apoptotic cells was observed apoptosis of the liver cells, we took advantage of a mutant
(Figs. 3B and 3D). Therefore, the signi®cant increase of liver mouse line that exhibits a similar embryonic lethal pheno-
speci®c apoptosis must begin around day 11 to 11.5. type as the mutant N-myc mice. Mutant embryos lacking
the transcription enhancer factor-1 (TEF-1) die between 11.5
and 12.5 dpc apparently from heart failure (Chen et al.,
Liver Apoptosis Is Speci®c to the N-myc Mutation 1994). The TEF-1 mutant embryos display an enlarged peri-
cardial cavity, bradycardia, and a dilated fourth ventriculeThe dramatic increase in apoptosis was apparent at 11.5
in the brain. The heart contains a reduced number of trabec-dpc, a stage where the N-myc mutant embryos are mori-
ulae and the ventricular wall is abnormally thin. This phe-bund probably due to heart failure (Charron et al., 1992;
notype is reminiscent of that of N-myc mutant embryosMoens et al., 1993). It was therefore essential to investigate
(Charron et al., 1992; Moens et al., 1992; Sawai et al., 1993).the possibility that the apoptosis might be a consequence
If the apoptosis observed in N-myc mutant liver was dueof the death of the embryos instead of being caused by the
to a nonspeci®c effect of the poor blood circulation or toabsence of N-myc function. During organogenesis, devel-
the moribund state, we should expect to detect increasedopment of the embryo requires adequate supplies of nutri-
apoptosis in the liver of 11.5 dpc TEF-1 mutant embryos.ents and oxygen provided by the mother blood circulation.
However, when TEF-1 mutant embryos were TUNELThe N-myc mutant embryos have an underdeveloped heart
stained, no difference was observed when compared to wild-that could fail to support adequate oxygenation and nour-
type embryos (Figs. 4E and 4F), though apoptotic cells wereishment of organs. To verify the outcome of hypooxygen-
seen in a structure localized under the liver, possibly theation and lack of nutrient supply on survival of liver cells
and/or induction of apoptosis, 11.5 dpc wild-type embryos pancreas (Fig. 4G). Thus, the apoptosis observed in the liver
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FIG. 2. Detection of apoptotic cells in N-myc mutant livers. Apoptosis was visualized with the TUNEL staining of sections throughout
the liver of 11.5 dpc wild-type (A) or N-myc mutant embryos (B±D). Scale bar, 50 mm.
of N-myc mutant embryos was speci®c to the absence of Quantitation of the H/E staining revealed a twofold reduc-
N-myc function rather than to their moribund condition or tion in the number of hematopoietic cells (Figs. 3F and 3H).
their poor nutrient supply. In situ hybridization experiments using c-myb or Rb ribo-
probes, which were used as speci®c markers of the hemato-
poietic cell lineage at this stage (Mucenski et al., 1991;
Hepatocytes and Hematopoietic Cells Are Affected Clarke et al., 1992; Szekely et al., 1992), also revealed a
in N-myc-De®cient Embryos signi®cant decrease in the number of hematopoietic islets
in the liver of N-myc mutant embryos (Figs. 7C and 7F;By 11.5 dpc, the liver becomes the major site of hemato-
data not shown). In addition, when 10.5 dpc N-myc mutantpoiesis (Mucenski et al., 1991), and hepatocytes and hema-
embryos were put in an in vitro culture system using thetopoietic cells can readily be distinguished by H/E staining
Abelson murine leukemia virus to induce erythroid colo-(Beg et al., 1995). Hepatocytes appear as lightly stained cells,
nies (Waneck et al., 1981), we observed that red blood cellswhereas the hematopoietic cells are more darkly stained
can be recovered, but their number was two times less than(Fig. 3F). As previously mentioned, the liver of N-myc mu-
what was obtained with wild-type embryos (B. Malynn andtant embryos was smaller and composed of only one lobe
J. Charron, unpublished results). Taken together, these re-(Fig. 3G; Sawai et al., 1993). Moreover, the liver was less
densely populated than the liver of wild-type embryos. sults clearly indicate a decrease in the hematopoietic cell
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FIG. 3. Pyknotic nuclei are associated with hepatocytes in N-myc mutant embryos at 11.5 dpc. H/E staining of liver sections from wild-
type embryo at 10.5 dpc (A and B) and at 11.5 dpc (E and F) and from N-myc mutant embryos at 10.5 dpc (C and D) and at 11.5 dpc (G
and H) are shown. Apoptotic cells are indicated by an arrowhead (H) and hematopoietic cells, which stained darker with H/E, are indicated
by an arrow (F). Scale bar, 10 mm (B, D, F and H) and 100 mm (A, C, E, and G).
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population of the liver. However, apoptosis of hematopoi- bryos and this observation provided evidence for the exis-
tence of cross-regulation of these genes in at least some celletic cells is not likely to explain this reduction since most
of the pyknotic nuclei were encountered in the hepatocyte types (Hirning et al., 1991; Stanton et al., 1992). In the
mutant liver, the pattern of c-myc expression was not af-islets rather than in the hematopoietic cells (Fig. 3H).
To ascertain that the dying cells were hepatocytes, a dou- fected by the lack of N-myc function and the small decrease
in the intensity of the c-myc hybridization signal could beble-labeling procedure was performed to recognize at the
same time apoptotic nuclei and hepatocytes. For this pur- explained by the reduced cellular density of the mutant
liver (Figs. 7B and 7E). Hybridization of the N-myc mutantpose, keratin 8 was used as a cytoplasmic marker for the
hepatocytes [TROMA-1 antibody (Baribault et al., 1993; Fig. liver with the N-myc riboprobe, which also detects the tran-
script generated by the mutated allele, revealed no change5B),] whereas the TUNEL assay stained the nucleus of apo-
ptotic cells (Fig. 5C). The double labeling of N-myc mutant in the N-myc expression pattern, indicating that the liver
is not depleted of N-myc-expressing cells (Fig. 7D).livers showed the colocalization of the pyknotic nuclei and
the keratin 8 marker (Figs. 5D±5F), whereas the hematopoi- The c-myb gene is a speci®c marker of the liver hemato-
poietic cell lineage. Mutation of this gene results in embry-etic cells appeared healthy (Fig. 5E). Using a monoclonal
antibody against the Rb protein, which is present at high onic lethality caused by a defective adult-type erythropoie-
sis which ®rst takes place in the fetal liver at 11 days oflevels in the hematopoietic cells at this stage (Clarke et al.,
1992; Szekely et al., 1992), we also showed that Rb positive gestation (Mucenski et al., 1991). In the N-myc mutant
embryo, the signal obtained with the c-myb probe clearlycells did not display any sign of apoptosis such as cell frag-
mentation and pyknotic nuclei (data not shown). Therefore, indicated that the number of hematopoeitic cells is reduced,
whereas the level of c-myb expression in the islets is notonly the hepatocytes are subject to apoptosis in the liver of
N-myc-de®cient embryos. modi®ed (Figs. 7C and 7F).
myc and myb Gene Expression in Embryonic
Mouse Liver DISCUSSION
The signi®cant apoptosis of the hepatocytes and the re-
duced number of hematopoietic cells observed in the liver The results presented in this study suggest that N-myc
is required for hepatocyte survival and normal liver develop-of N-myc mutant embryos clearly indicated an important
role for N-myc in liver development. The N-myc gene has ment. Although the liver has never been described as a ma-
jor site of N-myc expression, our analysis of N-myc mutantbeen reported not to be expressed at appreciable levels in
the liver during organogenesis, in contrast to c-myc which embryos revealed that the absence of N-myc function pre-
vents the development of the liver into a multilobular or-is highly expressed (Hirning et al., 1991; Stanton et al., 1992;
Kato et al., 1995). To address myc gene expression at 10.5 gan. The defect is associated with a reduction in number of
hematopoietic cells and hepatocytes as well as with in-and 11.5 dpc, we performed in situ hybridization experi-
ments, using either N-myc or c-myc probes. In 11.5-day-old creased death of hepatocytes by apoptosis. However, this
signi®cant death of the hepatocytes is only observed at 11.5wild-type embryos, the level of N-myc expression is slightly
above the background level with the exception of the pe- dpc, whereas the underdevelopment of the liver is already
noticeable at earlier stages. Therefore, the reduced size ofriphery of the liver where the level is higher (Figs. 6A and
6C). This region of the liver does not contain hepatocytes the liver as well as of the whole embryo and the absence of
a signi®cant increase of apoptosis earlier during embryogen-and will eventually form the Glisson's capsule (Walker,
1966). Thus, N-myc is barely expressed in hepatocytes and esis indicate that the absence of N-myc function affects the
growth rate in the liver and other tissues. Proliferation rateshematopoietic cell lineages. In contrast, high c-myc expres-
sion is limited to the central portion of the liver and is were compared between wild-type and mutant embryos us-
ing either proliferating cell nuclear antigen (PCNA) or Feul-not detected in the periphery (Figs. 6B and 6D). Similar
observations were made at 10.5 dpc (data not shown). gen staining. These analyses revealed a reduction in the
proliferation rate in several 10.5 dpc mutant tissues (P.We also further examined the role of N-myc and c-myc
genes during liver ontogeny in both wild-type and N-myc Fisher and Charron, unpublished results). Altogether these
observations are in agreement with a role of N-MYC in themutant embryos. c-myc has been reported to be ectopically
expressed in the neuroepithelium of the N-myc mutant em- expansion of speci®c pools of precursor cells by promoting
FIG. 4. Detection of apoptosis in liver sections of 11.5 dpc wild-type embryos maintained in the absence of blood exchange (A±D) and
in TEF-1 mutants embryos (E±G). Liver (A and C) and umbilical cord (B and D) from wild-type embryo dissected away from the uterine
wall and ®xed immediately (A and B) or from an embryo from the same litter incubated 6 h at 377C, then dissected away from the uterine
wall and ®xed (C and D) are TUNEL assayed to detect dead cells. Apoptosis in TEF-1 mutant embryos was also visualized with the
TUNEL staining of sections throughout the liver of 11.5 dpc wild-type (E) and TEF-1 mutant embryos (F) or the pancreas of a TEF-1
mutant embryo (G). Scale bar, 40 mm (A±D) and 100 mm (E±G).
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FIG. 5. Localization of apoptosis in hepatocytes. Double-labeling experiments of mutant liver sections with the TUNEL and the TROMA-
1 antibody were used to visualize apoptotic cells and hepatocytes, respectively. Successive sections were stained with TROMA-1 (B),
TUNEL (C), or double-labeled with TUNEL and TROMA-1 (D±F). The sections in A to F were submitted to the same protocol as described
under Materials and Methods except that TdT and biotinylated dUTP were omitted for the sections of A and B; the TROMA-1 antibody
was omitted for the sections in A and C. TROMA-1 was revealed using biotinylated secondary antibody and avidin±peroxidase (A to E)
or using Texas red-conjugated secondary antibody (F). For F, imaging was performed by confocal microscopy. A hematopoietic cell that
stained darker is indicated by arrows in E. Colocalization of TROMA-1 and apoptosis is indicated by arrowheads in E and F. Scale bar,
50 mm (A±D) and 20 mm (E and F).
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FIG. 6. N-myc and c-myc expression pattern in 11.5 dpc liver. Expression pattern of N-myc (A and C) and c-myc (B and D) was examined
by in situ hybridization of liver section of 11.5 dpc wild-type embryo. Scale bar, 50 mm (A and B) and 20 mm (C and D).
their growth, inhibiting their death, and/or preventing their chymal cells (LeDouarin, 1968, 1975; Houssaint, 1980; Cas-
cio et al., 1991). By day 11 to 12, many early hematopoieticterminal differentiation (Charron et al., 1992).
The dying hepatocytes present in the N-myc mutant em- cells intermingled with the liver cells appear, some lying
freely within the hepatic blood vessels (Mucenski et al.,bryonic liver display the hallmarks of apoptosis: individual
cell death, pyknotic nuclei, and DNA fragmentation. More- 1991). A simple hematoxylin±eosin staining of liver section
as well as double-labeling experiments has revealed that theover, the enhanced apoptosis is speci®c to the absence of
N-myc function. In support to this, no liver-speci®c apop- hepatocytes, but not the hematopoietic cells of the N-myc
mutant embryos, were dying by apoptosis (Figs. 4 and 5), atosis was observed in TEF-1 mutant embryos, which die
around 11.5 dpc most likely from heart failure as do the N- surprising result considering that N-myc is not appreciably
expressed in the hepatocytes (Figs. 6 and 7; Hirning et al.,myc mutant embryos. Thus, our results clearly demonstrate
that the apoptosis detected in N-myc mutant liver is not 1991; Stanton et al., 1992; Kato et al., 1995). In situ hybrid-
ization experiments with N-myc and c-myc probes havean indirect consequence of a lack of oxygen and/or nutrient
supply, but is speci®c to the N-myc mutation. shown a complementary pattern of expression in the liver
(Fig. 6; Hirning et al., 1991; Stanton et al., 1992; Kato etThe primary hepatic endodermal bud appears in the
mouse between 8.5 and 9.5 day of gestation as a thickening al., 1995). c-myc expression is very high in the liver, pre-
dominantly in the hepatocytes, between 10.5 and 12.5 dpcof the ventral ¯oor of the foregut induced to proliferate by
the cardiac. The surrounding mesenchyme then induces the (Schmid et al., 1989). At 11.5 dpc, the level of N-myc expres-
sion is appreciable at the periphery of the liver, most likelyendoderm to further proliferate and differentiate into paren-
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FIG. 7. Comparison of N-myc, c-myc, and c-myb expression in N-myc mutant liver. Successive liver sections of wild-type (A±C) and N-
myc mutant embryos (D±F) were hybridized with a N-myc (A and D), c-myc (B and E), or c-myb (C and F) speci®c probe. Scale bar, 50 mm.
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in the cells giving rise to the Glisson's capsule, while inside controlled by N-myc, since no change in SF/HGF gene ex-
pression has been detected in 11.5 dpc N-myc mutant em-the organ a low level is detected (Figs. 6 and 7). At 9.5 dpc,
the myocardium of the heart and the mesenchyme sur- bryos (data not shown).
Apoptosis is detected only at day 11.5 of gestation, whichrounding the liver, two tissues involved in the induction of
the liver primordium, express N-myc at signi®cant levels coincides with the beginning of the hematopoietic function
of the liver. This function could be an additional stress to(Downs et al., 1989; Kato et al., 1995). These observations
strongly suggest that the absence of N-myc expression in the already fragile hepatocytes due to the mutant back-
ground leading them to commit suicide. Alternatively, he-the cardiac mesoderm and/or in the mesenchyme sur-
rounding or associated with the liver may be responsible matopoietic cells of the N-myc mutant embryos can be
defective in the production of signaling molecules requiredfor the hepatic phenotype since these tissues are known
to be necessary for the proliferation and differentiation of for hepatocyte survival. As reported by others, the low level
of N-myc expression that we detected throughout the liverhepatic cells (LeDouarin, 1968, 1975; Houssaint, 1980; Cas-
cio et al., 1991). We do not rule out the possibility that might correspond to hematopoietic cells (Hirning et al.,
1991). This hypothesis is reinforced by the observationapoptosis is due to the absence of a low level of N-MYC
in the hepatocytes. However, the underdevelopment of the made in the retinoblastoma mutant embryos (Clarke et al.,
1992; Jacks et al., 1992; Lee et al., 1992). Rb expression isliver as well as the apoptotic cells observed may well result
from the absence of signals coming from the interacting restricted to the hematopoietic lineage in the developing
liver (Clarke et al., 1992; Szekely et al., 1992). In Rb mutantmesenchyme. These signals most likely correspond to ex-
tracellular factors necessary for hepatocyte growth, differen- embryos, in addition to abnormal hematopoiesis, the liver
is smaller and contains fewer hepatocytes than a normaltiation, and/or survival and may lay downstream of N-myc
in the regulatory cascade. Moreover, many studies have embryo. Although embryos homozygous for the Rb muta-
tion die between day 14 and 15 of gestation, abnormal livershown that under inappropriate growth conditions, deregu-
lation of c-myc expression can induce apoptosis, which can is already observed at 11.5 days. Altogether, these results
suggest that once the hematopoietic stem cells have seededbe prevented by the addition of growth factors (Evan et al.,
1992; Harrington et al., 1994). In 11.5 dpc N-myc mutant the liver, they may provide some factors ensuring hepato-
cyte survival and/or growth.embryos, normal c-myc expression is maintained in the
liver. Thus, if any signaling molecule involved in normal It has been shown that reduced production of N-MYC
affects the ability of the lung epithelium to proliferate inliver morphogenesis is missing, it is possible that a combi-
nation of perturbed signaling and c-myc expression can trig- response to an inductive signal from the lung mesenchyme
(Moens et al., 1992). The expression pattern of N-myc andger apoptosis in hepatocytes.
Apoptosis in the hepatocytes has also been reported for the detailed histopathological analysis of our null N-myc
mutant embryos suggest that N-myc is also required for theseveral independent mutant mice. Two of these mutations
affect the genes that encode c-Jun, which is part of the proliferation and the maintenance of viable hepatocytes in
order to form a normal liver. The local inductive signalsAP-1 transcriptional complex, and the p65/RelA subunit of
NF-kB (Hilberg et al., 1993; Beg et al., 1995). These two emanating most likely from the septum transversum mes-
enchyme, the cardiac mesenchyme, the Glisson's capsule,mutations are embryonic lethal and perturb normal hepato-
genesis. However, in both cases, hepatocyte apoptosis is and/or the hematopoietic cells might be under the regula-
tory control of N-MYC. Further investigation will allow toobserved at later stages of development than what was seen
in N-myc mutant embryos. It is currently unclear if RelA, determine the signals and the cell lineages involved in this
phenotype.c-jun, and N-myc are part of the same regulatory cascade
involved in hepatocyte survival, but based on our observa-
tions N-myc appears to be required at earlier stages of liver
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